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PreviewsMOR agonists or antagonists cannot
distinguish between MORs expressed
at different cellular locations within the
same brain structure. For example,
MORs expressed both at pre- and post-
synaptic sites will be impacted by sys-
temic or even local administration of
pharmacological agents that can modu-
late MOR activity. Hence, opto-MOR
and other optogenetically regulated
receptors will permit unprecedented
deconvolution of receptor signaling dy-
namics in complex circuits.
KORD and opto-MOR are powerful
new tools built on the basic principles of
opioid receptor signaling. These exciting
tools will open new avenues of research
based on the multiplexed control of
discrete populations of neurons in a bidi-rectional manner and more in keeping
with the natural signaling dynamics of
neuromodulators.
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Different types of retinal ganglion cells (RGCs) project to distinct brain targets. In this issue of Neuron,
Osterhout et al. (2015) and Sun et al. (2015) identify how direction-selective RGC axons match with their
targets and the consequences for visual function when targeting is impaired.Like most sensory systems, the verte-
brate visual system is organized into
parallel channels that process distinct as-
pects of the sensory stimulus. These
channels arise in the retina, where local
circuitry isolates features of the visual
scene such as changes in light level, co-
lor, or motion in particular directions.
These features are then reported to the
brain through the firing patterns of 30
retinal ganglion cell (RGC) types, each of
which constitutes a distinct information
channel (Sanes and Masland, 2015).
What happens to these channels when
they reach the brain remains somewhat
murky. Most RGCs project along the optic
tract to the lateral geniculate nucleus and/
or the superior colliculus, but there are
dozens of additional brain regions that
receive RGC inputs—46 in mouse (Morinand Studholme, 2014). Presumably, if
the retina goes to the trouble of parsing in-
formation into distinct RGC channels,
they should project to distinct targets.
For the limited number of RGC types
that have been analyzed, we know that
their projections are indeed quite specific:
they target distinct sublayers of the genic-
ulate and colliculus, and they project to
distinct subsets of the minor retinoreci-
pient targets (Baier, 2013; Dhande and
Huberman, 2014). This finding raises the
question: what are the molecular mecha-
nisms that determine the specificity of
RGC projections? These mechanisms
are important because they ensure that
each channel of visual information is
delivered to a brain region that can make
use of it. In this issue of Neuron, two pa-
pers tackle this question, uncovering keymolecular cues for wiring one particular
visual channel, and demonstrating the
perceptual consequences when this
channel is not wired correctly (Osterhout
et al., 2015; Sun et al., 2015).
The visual pathway addressed in these
two papers has a specialized role in de-
tecting full-field motion for the purpose of
image stabilization: when the head or
body moves, the entire visual image will
shift on the retina. Motion, detected
by the retina or the inner ear, drives two re-
flexes—the optokinetic and the vestibulo-
ocular reflexes—that produce compensa-
tory eye movements to keep the image
stable and clear. TheRGCs that detect im-
age motion for the optokinetic reflex were
discovered in the rabbit in the 1960s
and have subsequently been identified in
most vertebrates (Dhande andHuberman,86, May 20, 2015 ª2015 Elsevier Inc. 855
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Figure 1. Schematic of the Accessory Optic System
(A) Polar plot illustrating the direction of imagemotion preferred by each of the
three ON DS RGC types. Preferred directions are spaced evenly at approxi-
mately 120 degree intervals.
(B) Brain projections of ON DS RGCs, showing the main (gray) and accessory
(colored) optic tracts and their targets. Color code for preferred directions is
same as (A). LGN, lateral geniculate nucleus.
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Previews2014). These cells respond
best to light increments and
to directional motion, so they
are known as ON direction-
selective (DS) RGCs. The ON
DS RGCs comprise three
distinct cell types, each of
which prefers to fire to motion
in a particular direction
(Figure 1A). Their axons proj-
ect to a group of brain nuclei
known as the accessory optic
system (AOS), so called
because it arises from a RGC
axon pathway distinct from
the main optic tract. A subset
of ON DS cells also project
through the main optic tract
and synapse in a region
known as the nucleus of the
optic tract (NOT).
Remarkably, each of the
three ON DS cell types pro-
jects to a different AOS region
(Figure 1B): cells that prefer up
and down motion project to
separate subdivisions of the
region known as the medial
terminal nucleuls (MTN), while
cells that prefer forward mo-
tion project to the dorsal ter-
minal nucleus (DTN). Forward
cells also target the NOT,
which is nearly contiguous
with the DTN. All three nuclei
show visual responses that
match the directional tuning
of theRGCs that project there,
and all three project to cere-
bellar and oculomotor circuitsinvolved in executing reflexive eye move-
ments. Moreover, lesion studies in rabbits
and birds show direction-specific defects
in optokinetic reflexes when AOS nuclei
are damaged (Simpson, 1984). Thus, in-
formation about the direction of motion,
relayed by these three nuclei, is critical
for driving eye movements in the appro-
priate direction.
How do RGCs that prefer particular di-
rections select the correct brain target?
To address this question, the authors of
these two papers usemouse lines that ex-
press GFP selectively in ON DS RGCs.
This allows them not only to see axons
in the brain, but to assess expression of
candidate molecules by RGCs. Sun et al.
(2015) find that Sema6A, a transmem-856 Neuron 86, May 20, 2015 ª2015 Elsevierbrane Semaphorin withmany known roles
in axon patterning, is expressed by a sub-
set of ON DS RGCs that project to the
MTN. Knockout of the Sema6a gene pre-
vents ON DS RGC axons from innervating
theMTN—their axons pause outside it but
cannot enter. Subsequently, perhaps due
to the lack of a target-derived survival
cue, the RGCs die.
PlexinA2 and PlexinA4 are well-charac-
terized receptors for Sema6A. Sun et al.
(2015) find that they are expressed in the
MTN and that they are required for its
innervation, just like Sema6A. In this sys-
tem, however, the usual receptor and
ligand roles are unexpectedly reversed:
PlexinA2 and PlexinA4 turn out to be li-
gands that can attract RGC axons in aInc.Sema6A-dependent manner.
ON DS RGCs therefore
appear to use Sema6A as a
receptor to detect Plexin
ligand in the MTN, thereby
stimulating axon entry. While
there is precedent for so-
called ‘‘reverse’’ signaling by
transmembrane Semaphorins
(Toyofuku et al., 2004), this
mechanism is still quite sur-
prising. It will be interesting
to learn the signaling path-
ways through which Sema6A
controls axon growth.
So far we have considered
only the MTN, the nucleus
that encodes vertical mo-
tion—what about the horizon-
tal motion system? The DTN
and NOT are innervated
through disparate cellular
mechanisms—the DTN via
dedicated AOS axons, and
the NOT by collateral
branches from the main optic
tract (Figure 1B). We might
therefore expect disparate
molecular mechanisms to
be involved as well. Indeed,
in mutants lacking PlexinA2
and PlexinA4, the NOT is
normal, while innervation of
the DTN is largely absent.
Thus, Plexin ligands are
required for innervation of
both vertical (MTN) and hori-
zontal (DTN) AOS nuclei, but
they do not influence the
main optic tract. In Sema6Amutants, DTN innervation is impaired but
not absent, suggesting that the forward-
preferring ON DS cells use multiple Plexin
receptors to target the DTN. This addi-
tional receptor remains to be identified.
How, then, do ON DS neurons target
their axons to the NOT? Osterhout et al.
(2015) find that Contactin 4, a cell-surface
protein of the immunoglobulin superfam-
ily, is selectively expressed by RGC axons
that innervate the NOT. Contactin (Cntn)
molecules are involved in a variety of ad-
hesive cell-cell interactions, including tar-
geting of axons within the olfactory bulb
and retina (Kaneko-Goto et al., 2008; Ya-
magata and Sanes, 2012), making Cntn4
an excellent candidate to mediate axon-
target matching. Osterhout et al. (2015)
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Previewsfind that innervation of the NOT is severely
reduced in Cntn4 mutants, due to a
reduced propensity of optic tract axons
to send collateral branches into it. More-
over, misexpression of Cntn4 in random
RGCs is sufficient to promote their collat-
eral branching into the NOT. Osterhout
et al. (2015) further show that the activity
of Cntn4 requires interactions with amy-
loid precursor protein (APP)—better
known for its role in Alzheimer’s disease
than in brain development—which is co-
expressed on RGC axons. The two mole-
cules may form a co-receptor complex
that initiates axon branching upon binding
to a ligand, still unidentified, that resides in
the NOT.
Together, the results in these two pa-
pers take us a long way toward under-
standing the mechanisms that target all
three types of ON DS RGCs to their brain
targets. The molecular details of these
mechanisms are unusual and reveal new
players in the wiring of brain circuits. But
perhaps the most satisfying aspect of
these two papers is that they are able to
demonstrate the consequences for visual
perception when ON DS RGC wiring is
perturbed. To do this, the authors mea-
sure the optokinetic reflex (OKR) in their
mutant mice. Head-fixed animals are
shown full-field stimuli moving in various
directions, which provokes eye move-
ments that track the stimulus. If the reflex
is impaired, tracking eye movements
are reduced or absent. All the mutants
showed at least mild OKR deficits for all
motion directions, but the strength of the
phenotypes differed for horizontal and
vertical motion: Sema6a mutants, which
lack innervation of the MTN, showed
essentially no vertical OKR. Cntn4mutant
mice, which have faulty innervation of the
NOT, were much more severely impairedfor horizontal OKR. And double mutants
lacking PlexinA2 and PlexinA4, which
lack innervation of both AOS nuclei, were
severely impaired in both vertical and hor-
izontal OKR. The finding in Cntn4 mutant
mice is particularly striking, because the
authors show that in the absence of inner-
vation by ON DS cells, a different direc-
tion-selective RGC type fills the NOT
void and projects there instead. However,
these RGCs are clearly not able to provide
the right kind of directional information
to this reflexive circuit, as shown by the
behavioral deficit.
These papers open up a variety of fasci-
nating new questions. First, on the molec-
ular side: what receptor guides ON DS
axons to the DTN?What is the NOT ligand
that stimulates collateral branching, and
how does it interact with the Cntn4-APP
complex? Does APP have broader roles
in wiring of brain circuits? The mecha-
nisms by which Cntn4 and APP influence
the cell biology of developing neurons will
be particularly interesting to explore. This
is because Cntn-family genes, including
Cntn4, are associated with a number of
psychiatric diseases, but the underlying
pathobiology is still unclear (Zuko et al.,
2013).
At the circuit level, one intriguing ques-
tion is why mild deficits in detecting the
‘‘off-target’’ direction were observed.
The NOT and AOS nuclei are intercon-
nected (Simpson, 1984), raising the possi-
bility that interactions between them
might contribute to the calculation of mo-
tion direction. Another possibility arises
from the observation that some AOS
neurons are not unidirectional in their
preferred directions. Such cells show
rotational motion sensitivity that might
map onto the rotational coordinate sys-
tem of the three semicircular canals inNeuronthe inner ear (Simpson, 1984). If such a
cell lost RGC innervation, the behavioral
consequences might be more complex
than simply losing one axis of motion
detection.
Finally, these studies suggest that it
should be possible, using a similar devel-
opmental-genetic approach, to trace
other retinal output channels into the
brain and learn what the visual system is
doing with that information. Such studies
hold the promise of revealing how the
brain uses elementary retinal inputs to
construct our visual world.REFERENCES
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